ABSTRACT The hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), is causing widespread mortality of eastern hemlock, Tsuga canadensis L. Carriè re, in the eastern United States. In western North America, feeding by A. tsugae results in negligible damage to western hemlock, Tsuga heterophylla (Raf.) Sargent. Host tolerance and presence of endemic predators may be contributing to the relatively low levels of injury to T. heterophylla caused by A. tsugae. Field surveys of the predator community associated with A. tsugae infestations on 116 T. heterophylla at 16 sites in Oregon and Washington were conducted every 4 Ð 6 wk from March 2005 through November 2006. Fourteen uninfested T. heterophylla were also surveyed across 5 of the 16 sites. Each sample tree was assigned an A. tsugae population score ranging from 0 to 3. Predators collected from A. tsugaeÐinfested T. heterophylla represent 55 species in 14 families, listed in order of abundance: Derodontidae, Chamaemyiidae, Hemerobiidae, Coccinellidae, Cantharidae, Reduviidae, Miridae, Syrphidae, Chrysopidae, Coniopterygidae, Staphylinidae, Anthocoridae, Nabidae, and Raphidiidae. Laricobius nigrinus Fender (Coleoptera: Derodontidae), Leucopis argenticollis Zetterstedt (Diptera: Chamaemyiidae), and Leucopis atrifacies (Aldrich) (Chamaemyiidae) were the most abundant predators; together comprising 59% of predator specimens recovered. Relationships among predators and A. tsugae were determined through community structure analysis. The abundances of Laricobius spp. larvae, L. nigrinus adults, Leucopis spp. larvae, and L. argenticollis adults were found to be positively correlated to A. tsugae population score. Predators were most abundant when the two generations of A. tsugae eggs were present. L. argenticollis and L. atrifacies were reared on A. tsugae in the laboratory, and host records show them to feed exclusively on Adelgidae.
In the eastern United States, the hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), is an introduced pest of eastern hemlock, Tsuga canadensis L. Carriè re, and Carolina hemlock, Tsuga caroliniana Engelmann. Originating from Japan, A. tsugae was Þrst reported near Richmond, VA, in 1951 (Stoetzel 2002 , Havill et al. 2006 . It is currently found from northeastern Georgia to southwestern Maine. Early symptoms of infestation, needle drop and reduced shoot growth, are followed in 2Ð 4 yr by limb dieback, increased exposure to blow down, and secondary attack by insects and diseases . T. canadensis mortality usually occurs between 4 and 10 yr after initial infestation (McClure et al. 2001) .
Adelges tsugae is a minute (0.4 Ð1.4 mm long) sucking insect that remains stationary for most of its life within cottony ßocculence at the base of hemlock needles. There are two generations per year, with oviposition occurring in late winter (progrediens eggs) and early summer (sistens eggs). A mobile crawler emerges from the egg and seeks out an unoccupied leaf base where it settles and molts to a Þrst-instar nymph (McClure 1987) . In early spring and summer, the crawler stage can disperse to new trees through wind, the nursery trade, birds, mammals, or humans (McClure 1990 , Ward et al. 2004 ). The Þrst-instar nymph of the sistens generation will undergo a 2-to 4-mo aestival diapause during late summer. There is no reported sexual reproduction of A. tsugae in North America; all individuals reproduce parthenogenetically. In its native Asian range and in eastern North America, an alate sexuparae generation is produced in the spring. Sexuparae progeny (sexuales) are capable of sexual reproduction on spruce (Picea spp.) in Asia but are reported not to survive on any Picea species in eastern North America (McClure 1987 (McClure , 1989 .
In its native range, A. tsugae is an innocuous pest of Japanese hemlocks [Tsuga diversifolia (Maxim.) and only reaches high densities on ornamental or stressed trees (McClure et al. 2001, Del Tredici and Kitajima 2004) . A. tsugae is also found in western North America, from northern California to southeastern Alaska. Its hosts in this region are western hemlock, Tsuga heterophylla (Raf.) Sargent, and mountain hemlock, Tsuga mertensiana (Bong.) Carri-è re (Annand 1924 , McClure 1992b . Also thought to originate from Japan, the western A. tsugae are more genetically variable than those in eastern North America. This evidence, in addition to genetically tolerant host trees and the presence of a specialized predator, suggests an introduction to western North America that occurred long before the Þrst A. tsugae specimen was collected from Washington in 1907 (Havill et al. 2006) .
As with Asian hemlock species, A. tsugae infestations seem to cause negligible damage to T. heterophylla and T. mertensiana, rarely causing tree mortality in healthy stands (McClure 1992b) . However, A. tsugae can reach high densities on orchard and ornamental T. heterophylla, occasionally causing injury and mortality (Furniss and Carolin 1977 , McClure 1987 , 1992b . These off-site trees grow in conditions that are known to increase susceptibility to A. tsugae feeding. These conditions include compacted soil, xeric soil, deliberate stressing for seed production, or regular nitrogen fertilization (McClure 1987 (McClure , 1992a (McClure , 1992b Orwig et al. 2002 , Zilahi-Balogh et al. 2003a .
High mortality of hemlocks in the eastern United States has been attributed to a combination of hosttree susceptibility and low populations of natural enemies (Cheah and McClure 1996) . Conversely, host tolerance and presence of endemic adelgid predators or pathogens may be contributing to the relatively low levels of injury to T. heterophylla (Cheah and McClure 1996) . Unlike related families of Aphidoidea, adelgids have no known parasitoids . Current efforts to prevent A. tsugae--caused hemlock mortality in eastern North America are focused on developing a biological control program that uses insect predators and/or entomopathogens (McClure 1992b , Ward et al. 2004 .
A program for biological control of A. tsugae using non-native predators was initiated in 1995 in the eastern United States, resulting in importation of predators from Japan, China, and Canada. After thorough screening for host range and seasonal synchrony, three coleopteran predators of A. tsugae are currently being Þeld evaluated for efÞcacy against A. tsugae in the eastern United States. Two are coccinellid predators, Sasajiscymnus tsugae (Sasaji and McClure) from Japan and Scymnus sinuanodulus Yu et Yao from China, and one is a derodontid, Laricobius nigrinus Fender, from British Columbia. Exploration for additional A. tsugae predators in China, Japan, and western North America is ongoing .
SpeciÞc objectives of this study were to (1) identify native and introduced insect predators associated with A. tsugae-infested T. heterophylla in Oregon and Washington at regular intervals over 2 yr, (2) describe phenology of predators in relation to A. tsugae developmental stages, (3) assess correlation between abundance of predator species and prey density, and (4) record predator species reared from A. tsugae ovisacs or observed feeding directly on A. tsugae.
Materials and Methods
Field Survey for Predators of A. tsugae. Mature T. heterophylla representing both ornamental and seed orchard trees infested with A. tsugae were surveyed by beat sampling for potential insect predators every 4 Ð 6 wk over 23 mo beginning January 2005. By March 2005, 116 sample trees were established at 16 sites within 10 counties in western Oregon and Washington ranging from Corvallis, OR, to Whidbey Island, WA. Fourteen uninfested T. heterophylla were also sampled at Þve of these sites (Table 1) .
Predator sampling methods were modiÞed from Montgomery and Lyon (1996) and Wallace and Hain (2000) . Three branches per tree with similar A. tsugae density were selected at each visit and struck four times with PVC pipe above a plastic container with area of 0.16 m 2 . Samples were pooled for each tree. Depending on where adelgids were located, we sampled areas anywhere along the branch from tip to bole in the lower canopy (Ͻ2.5 m height). Adult insects were killed in sealed 9-dram plastic vials using Hot Shot No-Pest Insecticide Strip (Spectrum Brands, Atlanta, GA). Immature insects were killed in KAAD solution (10 parts 95% ethanol, 1 part kerosene, 2 parts glacial acetic acid, and 1 part dioxane) and subsequently preserved in 70% ethanol (Borror et al. 1989) . Adult specimens were either identiÞed by taxonomists or by comparison to previously identiÞed museum specimens. Voucher specimens have been deposited in the Oregon State Arthropod Collection, Department of Zoology, Oregon State University, Corvallis, OR, accession no. 00210. All winged Aphidoidea were collected in an effort to document the presence of alate A. tsugae sexuparae in western North America.
Developmental stages of A. tsugae present and a population score of A. tsugae woolly masses in the sample area were recorded at each visit. All 0.16-m 2 samples were assigned an A. tsugae population score at each visit based on the number of ovisacs visible in the sample area using the following scale: 0 ϭ no ovisacs present, 1 ϭ 1Ð25 ovisacs, 2 ϭ 26 Ð100 ovisacs, 3 ϭ Ͼ100 ovisacs. The three scores were averaged for a single value per pooled 0.5-m 2 sample. A similar trinomial scale was highly correlated with actual aphid population counts in an agricultural setting (Kohler and St. Clair 2005) .
Laboratory Rearing. Twig samples with heavy A. tsugae infestation (population score ϭ 3) were removed and brought to the laboratory for rearing of immature predators collected in the Þeld. Twigs were placed in ßoral foam moistened with methylparaben (0.42 g/250 ml deionized water) to prevent fungal growth and kept in quart sized jars or 9-dram plastic vials covered with Þne mesh screen (Zilahi-Balogh et al. 2003b ). The rearing containers were held in a controlled environment chamber simulating outside light duration and temperature conditions. The artiÞcial light regimen ranged from 10 L:14 D to 16 L:8 D through the year. Chamber temperatures ranged from 5 to 25ЊC through the year. We recorded the time between larva collection and adult emergence.
Insect Community Structure Analysis. Bivariate scatterplots among log-transformed {[log(x ϩ 0.1)] ϩ1} insect taxa abundance and A. tsugae population score values were examined to look for linear relationships. Very few of these scatterplots had linear tendency, and all exhibited clusters of points at the origin, common in ecological community data because of a high proportion of zero values. Therefore, data were subjected to nonparametric analyses.
An ordination of the data were performed using nonmetric multidimensional scaling (NMS) with PC-ORD software Version 5.57␤, which did not require assumptions of normality and linearity Mefford 1999, McCune and Grace 2002) . NMS was performed on a sample unit ϫ taxa abundance matrix. To reduce the effect of seasonality on taxa abundance, sample units (SUs) were pooled tree samples from a single site with abundance values summed over 1 yr from December 2005 through November 2006. Data were analyzed at the SU level; however, sample data were recorded separately for each tree and sample date to facilitate phenological analyses of predators. To correct for uneven sample size, the abundance of each taxon was divided by the number of 0.5-m 2 samples collected at each site over time. Five sites had both A. tsugae-infested and uninfested trees; these sites were each divided into two separate SUs, for a total of 16 infested and 5 uninfested SUs (Table 1) .
Rare taxa present in Ͻ10% of SUs were excluded from the analysis. The 49 taxa analyzed included 10 immature predator families, 3 adult predator families, 26 adult predator species, and 10 nonpredatory families. Some taxa, such as L. nigrinus, were highly abundant relative to others by as much as three orders of magnitude in some SUs. Therefore, data were logtransformed {[log(x ϩ 0.1)] ϩ 1} before analysis. To further equalize the inßuence of abundant and uncommon families, relative SU abundances were calculated as a percentage of the maximum value for each taxon. These adjustments reduced the beta diversity expressed as half-changes (␤ D ), skewness of taxa totals, and variability among taxa and SU totals (coefÞ-cients of variation) in the taxa matrix. A second matrix, SU ϫ environmental variable, contained latitude and A. tsugae population score data averaged across each SU.
NMS was performed using PC-ORD in autopilot mode with a Sørenson distance measure. Random starting points were used to begin 250 runs each of real and random data with a maximum of 500 iterations per run. Dimensionality of the ordination was determined by meeting criteria of lowest signiÞcant reduction in stress and minimum instability (Kruskal 1964) .
Results
Field Survey for Predators of A. tsugae. A total of 6,389 predators were collected from A. tsugae-infested T. heterophylla in 2,230 beat samples taken over 23 mo. Fifty-Þve predatory insect species were identiÞed from A. tsugae--infested trees representing 43 genera in 14 families and 4 orders ( Table 2) . For a complete list of predator species, see Kohler (2007) . Three predator species comprised 59% of all adult and immature predators collected. The most abundant predators were Laricobius spp. (Coleoptera: Derodontidae) ( Table 2) . Laricobius nigrinus comprised 755 of the 756 derodontid adults; the remaining one individual was Laricobius laticollis Fall. Chamaemyiidae (Diptera) were the second most common predators (Table 2) . Two species of chamaemyiids were collected: Leucopis argenticollis Zetterstedt and Leucopis atrifacies (Aldrich). Of the 99 adult Chamaemyiidae identiÞed from all samples, 86 were L. argenticollis and 13 were L. atrifacies. Thirteen species of Coccinellidae (Coleoptera) represented 8% of all predators. The most common species of adult coccinellids in descending order of abundance were Stethorus punctillum Weise, Mulsantina picta (Randall), Coccinella septempunctata L., Rhyzobius lophanthae (Blaisdell), Zilus sp. Mulsant, and Cycloneda polita Casey (Kohler 2007) . M. picta adults, present at 14 of the 16 A. tsugae-infested sites, were the most widely dispersed coccinellid predator (Kohler 2007) . Three coccinellid species, Exochomus quadripustulatus L., Harmonia axyridis (Pallas), and M. picta, were identiÞed as larvae (n ϭ 76); 83% of which were M. picta.
Relative abundances of the most common predator taxa in samples collected from A. tsugae-infested trees were compared with samples from uninfested trees within Þve sites (Table 3 ). Uninfested T. heterophylla were hosts to nonadelgid prey species, such as the scale insects Chionaspis pinifoliae (Fitch) (Diaspididae), and an unidentiÞed Coccidae, that may support generalist predators. However, some generalist predators, including hemerobiid larvae, Dichelotarsus pin- iphilus (Eschscholtz) (Coleoptera: Cantharidae) adults, and syrphid larvae were at least 17 times more abundant on A. tsugae-infested trees (Table 3) . Laricobius spp. larvae, L. nigrinus adults, and Leucopis spp. larvae were at least 99 times more abundant in samples from A. tsugae-infested trees (Table 3) . There were no differences in abundances per sample of adult coccinellids S. punctillum, M. picta, C. septempunctata, R. lophanthae, Zilus sp., and C. polita, between A. tsugaeinfested trees and uninfested trees (Table 3) . Predators were present throughout the year on A. tsugae--infested T. heterophylla. However, annual peak abundances tended to occur during the spring and/or early summer when A. tsugae eggs were present (Figs.  1Ð3) . With the exception of Coccinellidae near Salem, OR, the numbers of holometabolous predator larvae far exceeded numbers of adults during the spring and summer (Figs. 1Ð3) . Laricobius spp. larvae were the most abundant of all predators during the spring at Portland, OR, and Washington sites (Figs. 2C and 3C) . Leucopis spp. larvae were the most abundant of the holometabolous predators collected during the early summer at all sites, suggesting that chamaemyiids may be important predators of A. tsugae sistens eggs and nymphs (Figs. 1Ð3) . At Portland, OR, and western Washington sites, Leucopis spp. larvae were also collected in November, but fewer than during the early summer (Figs. 2D and 3D) .
Laboratory Rearing. The following predators were reared from Þeld-collected larvae to adults on a diet of Þeld-collected A. tsugae on T. heterophylla in the laboratory: Conwentzia californica Meinander (Neuroptera: Coniopterygidae), Semidalis angusta (Banks) (Coniopterygidae), Hemerobius bistrigatus Currie (Neuroptera: Hemerobiidae), Hemerobius pacificus Banks (Hemerobiidae), Chrysoperla downesi (Smith) (Neuroptera: Chrysopidae), E. quadripustulatus (Coccinellidae), H. axyridis (Coccinellidae), M. picta (Coccinellidae), L. argenticollis (Chamaemyiidae), L. atrifacies (Chamaemyiidae), and Syrphus opinator (Osten Sacken) (Diptera: Syrphidae).
Leucopis spp. larvae fed on eggs and nymphs of both progrediens and sistens generation A. tsugae in the lab. Pupation occurred on the stem of T. heterophylla near adelgid ovisacs where puparia were Þrmly attached. Larvae that pupated in November and were held in a controlled environment chamber approximating Þeld temperature and light regimens did not emerge as adults until the following March; these were exclusively L. argenticollis. Larvae of both L. argenticollis and L. atrifacies that pupated in the spring emerged as adults 2Ð 4 wk later.
Field-collected larvae of L. nigrinus, Chrysopodes placita (Banks) (Neuroptera: Chrysopidae), Empicoris rubromaculatus (Blackburn) (Hemiptera: Reduviidae) nymphs, and adults of D. piniphilus were observed feeding on A. tsugae eggs in the Þeld and laboratory. Miridae, Nabidae, Anthocoridae, Raphidiidae, and Staphylinidae were not observed feeding on A. tsugae.
Insect Community Structure Analysis. A three-dimensional NMS solution was selected based on lowest stress of 10.82 with the highest rate of stress reduction evident in the NMS scree plot. Monte Carlo tests were signiÞcant for three dimensions and the solution was stable (P ϭ 0.004, instability Ͻ1 ϫ 10
Ϫ5
). The cumulative proportion of total variance represented (r 2 ) by the three axes was 0.87. Beta diversity as expressed in half-changes (␤ D ) was 1.7 for the 49 most common insect taxa across all sample units.
The ordination of axis 3 on axis 2 was rotated to load all the variation of A. tsugae population score on axis 2 (Fig. 4) . In this orientation, A. tsugae population score seems to be a strong gradient within the insect community (r 2 ϭ 0.77). This orientation was also used to generate correlation statistics of insect taxa with axis 2, thereby quantifying any possible association with A. tsugae population score. The overlay of weighted taxon averages (centroids) in Fig. 4 shows two groupings of taxa correlated with axis 2 (r 2 Ͼ 0.2). The nine taxa centroids circled to the right of the ordination center were positively correlated with axis 2, indicating a positive association with A. tsugae-infested trees. Coniopterygid larvae, Laricobius spp. larvae, L. nigrinus adults, Leucopis spp. larvae, and L. argenticollis adults show a strong positive relationship to A. tsugae population score. The two nonpredatory taxa centroids circled to the left of center were negatively correlated with axis 2. The majority of the 39 predatory taxa included in the ordination had no strong relationship to axis 2, which indicates they may be feeding on something other than or in addition to A. tsugae.
The insect taxa composition of uninfested SUs is clearly different than 75% of A. tsugae-infested SUs, using the center of the ordination as a dividing line (Fig. 4) . Four A. tsugae-infested SusÑEH, HS, OS, and SOÑ have an insect community composition similar to uninfested trees (Fig. 4) . A. tsugae-infested trees at EH, HS, OS, and SO also had the four lowest annual mean A. tsugae population scores of the 16 A. tsugaeinfested sites for December 2005 through November 2006 (1.8, 1.5, 1.3, and 1.7, respectively). Dashed lines on the ordination connect the Þve sites where both A. tsugae-infested and uninfested samples were collected (Fig. 4) . At all Þve sites, the insect community on the A. tsugae-infested trees has a stronger relationship with A. tsugae population score than the communities on uninfested trees at the same sites.
The ordination of axis 3 on axis 2 was subsequently rotated to load all the variation of latitude onto axis 2 (r 2 ϭ 0.23). The variation of A. tsugae population score on axis 2 in this orientation (r 2 ϭ 0.43) had a stronger inßuence on insect community structure than latitude. The composition of the A. tsugae predator community appears generally homogeneous from Corvallis, OR, to the northern Puget Sound in Washington. The most abundant predator families recovered were found at a majority of sites (Table 2) . were L. argenticollis and L. atrifacies. These three species were most abundant as larvae feeding in A. tsugae ovisacs. Their abundances vary with A. tsugae population score, indicating a strong association with heavily A. tsugae-infested T. heterophylla. Laricobius and Leucopis species larvae feed on A. tsugae progrediens eggs in the spring. Laricobius spp. larvae appeared to feed exclusively on A. tsugae progrediens eggs and nymphs, which agrees with observations by Zilahi-Balogh et al. (2002b) . Our results indicate Leucopis species larvae also feed on sistens eggs in early summer when Laricobius larvae are not present or found in our samples.
Discussion

Laricobius nigrinus was the most abundant
The insect community composition on T. heterophylla differed across survey sites as A. tsugae population score increased (Fig. 4) . The arrangement of SUs in the ordination is based only on insect taxa abundance and composition. A. tsugae population score data have been overlaid on the ordination and seem to be a strong explanatory variable for insect community structure. Adelgid-speciÞc predators, Laricobius spp. larvae, L. nigrinus adults, Leucopis spp. larvae, and L. argenticollis adults, have a strong positive correlation with the A. tsugae population score gradient. Coniopterygid larvae showed a positive correlation of similar strength; however, they may also feed on scale insects (Miller et al. 2004) .
If a predator species represents a signiÞcant mortality factor for A. tsugae, a strong association between predator abundance and A. tsugae population level could indicate a rise in predator population preceding a future decrease in A. tsugae population (Hassell 1978) . However, this association could also be interpreted as evidence that a predator is not effective in controlling A. tsugae population and merely thrives where A. tsugae is most abundant because of unlimited availability of prey (Hassell 1978) . The best way to determine if predator abundance can cause changes in A. tsugae population is through experimental manipulation of predator feeding behavior and recording numerical effect on A. tsugae. Host range and Þeld cage evaluations have shown that L. nigrinus, S. tsugae, and Scymnus ningshanensis Yu et Yao (Coleoptera: Coccinellidae) may be effective predators of A. tsugae (Zilahi-Balogh et al. 2002b , Butin et al. 2003 Lamb et al. 2005) .
Seasonal synchrony with the host is often considered a trait of an effective predator and is an important consideration in rearing and release of biological control agents (Kimberling 2004) . In its native range, L. nigrinus is well synchronized to A. tsugae development (Zilahi-Balogh et al. 2003a) . Increased mortality of laboratory-reared L. nigrinus has been attributed to lack of synchrony to eastern North American A. tsugae development in the Þeld (Lamb et al. 2007 ). Many predators collected in the PaciÞc Northwest seem to be synchronized with A. tsugae egg production, including generalists (Figs. 1Ð3) . However, observed peaks in predator abundances represent only what was recorded at the time of sampling and do not necessarily reßect actual changes in phenology. It is possible that short-lived changes in predator popula- In addition to L. nigrinus, L. argenticollis, and L. atrifacies, 52 predatory species representing 13 families were collected from A. tsugae-infested trees. The majority of these predators are recorded in the literature as generalists or specialist predators of nonadelgid prey, such as scale insects or spider mites. In total, these 52 species account for 41% of individuals collected during 2005 and 2006 . Twelve of the 52 species were either reared on a diet of A. tsugae or observed feeding on A. tsugae in the laboratory. As a predator complex, they likely contribute to A. tsugae mortality. However, some species may reduce the effectiveness of other beneÞcial predators through competitive interference and/or intraguild predation (Elliott et al. 1996 , Flowers et al. 2005 . Antagonism among predators in the PaciÞc Northwest is most likely to occur when several predator species co-occur during the spring and early summer (Figs. 1Ð3) .
Laricobius nigrinus is a specialist predator on A. tsugae that is synchronized to the A. tsugae life cycle (Zilahi-Balogh et al. 2003a) . L. nigrinus will feed on other adelgid species in the laboratory but can only complete its development on a diet of A. tsugae (Zilahi-Balogh et al. 2002b) . L. nigrinus has been collected rarely from A. piceae in the PaciÞc Northwest (Mitchell 1962) . L. nigrinus is currently being evaluated as a biological control agent of A. tsugae in the eastern United States. As of 2005, 7,350 adults had been Þeld released in eight states from Massachusetts to Georgia , Mausel et al. 2005 . L. laticollis, the other native derodontid species recovered as a single specimen in this survey, has no published adelgid host records but has been collected previously from Adelges cooleyi (Gillette) (Hemiptera: Adelgidae) on Douglas Þr, Pseudotsuga menziesii (Mirbel) Franco (Zilahi-Balogh et al. 2003a; R. G. Mitchell, personal communication) .
Leucopis argenticollis and L. atrifacies seem to be synchronized to A. tsugae in the PaciÞc Northwest so that larvae are present during oviposition of the two A. tsugae generations. At Portland, OR, and western Washington sites, Leucopis spp. larval abundance showed two distinct peaks during the spring and early summer, indicating that they may feed on both progrediens and sistens eggs (Figs. 2D and 3D ). Both species are specialist predators of Adelgidae. L. argenticollis is found in North America, Europe, and Asia. It has been recorded on A. piceae in eastern North America and on four Pineus species throughout its range (McAlpine and Tanasijtshuk 1972) . The range of L. atrifacies is restricted to the western United States (Tanasijtshuk 2002) . Chamaemyiid specimens collected by R. G. Mitchell from A. piceae in Washington State during 1959 and 1960 were later identiÞed by Tanasijtshuk (2002) as L. atrifacies. Both L. atrifacies and L. argenticollis were collected in large numbers from unidentiÞed Pineus species on various pines in the San Francisco Bay area of California (Greathead 1995) . Very little is known about the biology and life cycles of these species. UnidentiÞed larval Leucopis species have been recovered from A. tsugae infesta- tions in eastern North America, China, and Japan (Wallace and Hain 2000; M. E. Montgomery, personal communication) .
Coccinellidae was the most speciose predator family in the PaciÞc Northwest, as it is in China (Yu et al. 2000) . Of the four most abundant coccinellid species, only M. picta was observed feeding on A. tsugae. The most common coccinellid larvae identiÞed in this survey were M. picta. However, M. picta also feeds on Myzocallis coryli (Goetze) (Hemiptera: Aphididae) and has been recorded in pear and apple orchards, suggesting it may be a generalist predator (Messing and Aliniazee 1985, Miliczky and Horton 2005) . Other abundant adult coccinellids include C. septempunctata, a well-known generalist, S. punctillum, a spider mite specialist, and R. lophanthae, a scale insect predator (Elliott et al. 1996 , Stathas 2000 , Raworth and Robertson 2002 .
Empicoris rubromaculatus and C. californica were not among the most abundant predators collected from A. tsugae; however, they both had a positive relationship with A. tsugae population score (Fig. 4) . Both of these species also feed on nonadelgid prey. E. rubromaculatus has been recorded on hazelnut trees (Corylus spp.) and feeds on citrus blackßy, Aleurocanthus woglumi Ashby (Hemiptera: Aleyrodidae) (Medina-Gaud et al. 1991, Lattin and Wetherill 2001) . C. californica is known to feed on a scale insect, Aonidiella citrina (Coquillett) (Hemiptera: Diaspididae) (Miller et al. 2004) .
The efÞcacy of beat sampling likely varies for different insect species. Consequently, the relative abundances of species in our data are not only a reßection of actual densities in the Þeld but also the method used to collect samples. Adult chrysopids, syrphids, and chamaemyiids are active and readily take ßight. Occasionally, individual adults of these families escaped collection because beat samples were not fully contained in a net. The proportion of adult chrysopids, syrphids, and chamaemyiids retrieved from the branch during sampling may have been lower than that of adults less likely to take ßight, such as derodontids. For example, the number of derodontid adults collected for each derodontid larva collected was 3.5 times greater than the same ratio for chamaemyiids (Table 2) .
Observations of the A. tsugae life cycle in Oregon and Washington during this study were similar to those recorded by Zilahi-Balogh et al. (2003a) in British Columbia and by Annand (1924) and Byrkit (2004) in Oregon. Sistens adults matured in December and began oviposition of progrediens eggs by March. Progrediens adults matured in June and immediately began oviposition of sistens eggs. Sistens nymphs began aestivation in August and resumed development in October (Figs. 1Ð3) . One difference from observations of eastern North American A. tsugae by McClure (1989) was that no alate A. tsugae were collected in the PaciÞc Northwest during 2 yr of sampling, although A. tsugae densities were high at several sites. The lack of alate sexuparae conÞrms similar observations in the PaciÞc Northwest by Annand (1924) , Zilahi-Balogh et al. (2003a), and Byrkit (2004) . This apparent difference in biology between the eastern and western North American A. tsugae populations may reßect genetic differences reported by Havill et al. (2006) and/or differences in environment and host species. Future study should focus on recording biological and morphological variation among the geographic and host tree lineages of A. tsugae.
Three surveys of endemic predators associated with A. tsugae infestations on T. canadensis in Connecticut, North Carolina, and Virginia recovered at least 10 species representing seven families that commonly feed on adelgids, including Hemerobiidae, Chrysopidae, Derodontidae, Coccinellidae, Cecidomyiidae, Syrphidae, and Chamaemyiidae (McClure 1987 , Montgomery and Lyon 1996 , Wallace and Hain 2000 . All studies concluded that numbers of predators were too low to have a signiÞcant impact on A. tsugae. In contrast, predators associated with A. tsugae infestations on T. heterophylla in the PaciÞc Northwest were more diverse and abundant than those in the eastern United States on T. canadensis. One possible explanation for the difference in predator abundances between coasts is that A. tsugae may have been present far longer in western North America, allowing L. nigrinus to develop a close association (Havill et al. 2006) . In addition, all T. heterophylla surveyed in the PaciÞc Northwest were located in seed orchards, arboreta, or urban landscapes adjacent to a wide variety of conifer, ornamental, or agricultural plant species that would support a diversity of small phytophagous arthropods and their predators. Many of the generalist predators collected in this survey are associated with a wide variety of prey species and host plants (Miliczky and Horton 2005) .
The only biological control agents to successfully reduce populations of adelgids are Chamaemyiidae (Diptera) and Anthocoridae (Hemiptera), used in programs targeting Pineus species (Hemiptera: Adelgidae) in Chile, Hawaii, and Kenya (Zú ñ iga 1985, Aloo and Karanja 1986 , Culliney et al. 1988 , Greathead 1995 . Zilahi-Balogh et al. (2002a) suggested future evaluation of natural enemies found in Asia should also include noncoleopteran orders.
Two chamaemyiid species, Neoleucopis (ϭLeuco-pis) obscura (Haliday) and Neoleucopis (ϭLeucopis) tapiae (Blanchard), are among biological control agents that have been responsible for measurable control of Adelgidae, speciÞcally Pineus species in Chile and Hawaii, respectively (Zú ñ iga 1985, Culliney et al. 1988 , Greathead 1995 . Leucopis species larvae recovered in this survey were numerous and present in both progrediens and sistens A. tsugae ovisacs. L. argenticollis and L. atrifacies larvae completed development on a diet of A. tsugae in the laboratory. L. argenticollis adults and Leucopis species larvae were strongly correlated with A. tsugae infestations. Recorded hosts of L. argenticollis and L. atrifacies are exclusively adelgids (McAlpine and Tanasijtshuk 1972 , Greathead 1995 , Tanasijtshuk 2002 ). Species of Leucopis may be adaptable to a range of climates because of their wide geographic distribution (Mills 1990 ). For these rea-sons, L. argenticollis and L. atrifacies should be studied further as candidates for biological control of A. tsugae in eastern North America.
